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Constraint of stem cell number in skeletal muscle is investigated by Abou-Khalil et al. (2009), in this issue of
Cell Stem Cell. Their results attribute it both to autocrine positive feedback and to paracrine signals from the
surrounding cellular community.Resolution of the tension between the
reductionist and holistic modes of investi-
gation is one of the fundamental chal-
lenges of biological science. This problem
has been progressively exacerbated as
the vast output of molecular biology has
outstripped our ability to test the resultant
hypothetical mechanisms in relevant bio-
logical models. The article by Abou-Khalil
et al. (2009) in this issue of Cell Stem Cell
provides an instructive example of the
complexity of this challenge in one tissue
and also offers an indication of the degree
of careful dissection that may help to
resolve it.
In their study, Abou-Khali and col-
leagues utilize the well-defined model
system of skeletal muscle repair in order
to investigate mechanisms that control
the status of the stem cell pool. The au-
thors focus their analysis on the proposed
role of the signaling mechanism mediated
by Angiopoietin 1 (Ang1) and its Tie2
receptor. Much of the strength of this
investigation comes from the extensive
background knowledge gathered, in part
from previous work by this research
group, which knits into a paraecological
description of the system as a whole.
Particular attention has been paid to the
interactions between the muscle satellite
cells, which serve as the reserve cells for
the formation and repair of new muscle
fibers during regeneration (Collins et al.,
2005; Sherwood et al., 2004; Lepper
et al., 2009), and the cells lying in the inter-
stitium between the fibers, especially
those associated with the microvascula-
ture, that are the other main players in
the regenerative response within skeletal
muscle.
When satellite cells are activated by
muscle damage, they undergo rapid pro-
liferation for a few days, and subsequently
the majority of the progeny differentiate
and fuse together to form the replace-ment fibers or fiber segments. Mean-
while, a minority subset of the activated
satellite cells remains undifferentiated
and re-enters the quiescent pool as
a reserve for future episodes of repair.
The basis of this dichotymous choice of
fates that establishes and maintains the
quiescent state of the reserve population
is currently a topic of intense interest.
Abou-Khalil et al. (2009) designed their
experiments not only to specifically
examine the mechanisms that operate
within this cell population but also to
look at their interactions with cells associ-
ated with the microvasculature.
To this end, they conduct parallel inves-
tigations, as far as possible, in vitro and
in vivo. In tissue cultures of both human
and mouse myogenic cells, Abou-Khalil
and colleagues apply a range of tech-
niques, including inhibition of gene ex-
pression with siRNA, blockade of the
Ang1/Tie2 pathway with soluble recep-
tors, and overexpression of both compo-
nents by plasmid transfection. Their re-
sults demonstrate a specific role for the
Ang1/Tie2 interaction, whereby binding
of Ang1 to Tie2 on myogenic cells biases
them to move into the quiescent reserve
pool rather than undergo terminal myo-
genic differentiation. This same mecha-
nism also tends to stabilize them in this
undifferentiated state, by virtue of an
autocrine positive-feedback mechanism
whereby binding of the Ang1 agonist to
the Tie2 receptor drives increased ex-
pression levels of both signaling partners
during the onset of quiescence.
In addition to regulation via cell-autono-
mous mechanisms, the authors consid-
ered the potential involvement of cells
derived from the interstitium. The close
spatial relationship of the satellite cells
with those of the capillary bed, which is
an abundant and conspicuous feature of
skeletal muscle, has led to some specula-Cell Stem Cell 5,tion that the two are functionally interre-
lated (Chazaud et al., 2003). Cultures of
a variety of such interstitial cells were
found to release factors that affect the
proliferation of myogenic cells (Abou-
Khalil et al., 2009). Supernatants from
muscle precursor cells, smooth muscle
cells, endothelial cells, fibroblasts, or dif-
ferentiated myotubes all increased the
expression of the differentiation marker
MyoD when added to myoblast cultures.
However, this effect was not blocked by
addition of a soluble form of Tie2, and
thus the authors suggest that it is medi-
ated by agents other than Ang1. However,
supernatants from both smooth muscle
and fibroblast cultures also slowed the
proliferation of satellite cell cultures, and
this effect was sensitive to blockade by
soluble Tie2, thus identifying at least one
additional paracrine pathway capable of
regulating satellite cell behavior in vitro.
Together, these findings indicate that
both autocrine and paracrine feedback
mechanisms exist that can predispose
satellite cells to enter a quiescent state.
Do these mechanisms operate in vivo?
Abou-Khalil et al. also found that that
in vivo antibody-mediated blockade of
the Ang1/Tie2 pathway increased the
number of cycling satellite cells in mouse
muscle, whereas overexpression of Ang1
reduced the number of cycling satellite
cells in regenerating but not normal mus-
cle. This outcome illustrates the central
challenge of moving from the tightly con-
trollable conditions of tissue culture to
the more complex in vivo situation. That
is, in this case the in vivo data provide
a picture consistent with that drawn from
the results of in vitro studies, and yet the
evidence from animal models is essen-
tially circumstantial.
Nonetheless, the consistency of the
two sets of findings has the virtue of
raising a number of points that deserveSeptember 4, 2009 ª2009 Elsevier Inc. 231
Cell Stem Cell
Previewsfurther careful investigation. For example,
although the authors found that Ang1
increased the proportion of quiescent
MyoD cells in differentiating myogenic
cultures, this effect was most marked
when the stimulus was added at later
time points. In contrast, asymmetric mi-
toses that produce both MyoD+ and
MyoD daughters have been observed
mainly during the initial cell divisions of
satellite cell cultures (Zammit et al., 2004;
Kuang et al., 2008). It may be that the
Ang1/Tie2-induced entry into quiescence
is operating on cells in which the decision
to stay in the stem cell pool has already
been made during the earlier asymmetric
division. Another possibility is that Ang1
induces the MyoD quiescent state in
both preordained stem cells and cells that
are on the path to terminal differentiation.
The demonstration that nonmyogenic
cells regulate myogenic cells via shared
mechanisms raises the possibility of reci-
procity between the myogenic and non-
myogenic populations. Our practical in-
terest in the mechanisms of repair of
skeletal muscle is largely powered by the
desire to mitigate the suboptimal outcome
seen in chronic conditions of muscle
degeneration and repair, as in the muscular
dystrophies. Derangement of the web ofGrowth Signaling
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Stress can activate tumor-suppress
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tance of mTOR signaling in stem ce
The process of aging is characterized by
the reduced capacity to maintain tissue
homeostasis and repair damaged tissues
after injury. Physiological aging appears
232 Cell Stem Cell 5, September 4, 2009 ª2mechanisms described in this article surely
plays some central role in the progressive
failure of regeneration and loss of normal
muscle structure and function that occur
in these chronic conditions. It has been
suggested, for example, that the progres-
sive fibrosis that characterizes severe
dystrophies is inimical to muscle regenera-
tion. This inhibition is commonly attributed
to straightforward physical obstruction,
but the observation that Ang1 secreted
by fibroblasts can induce satellite cell
quiescence identifies this population, and
the pathway, as candidates for targeted
therapeutic strategies. One might also
ponder whether factors from the satellite
cells impinge reciprocally on the behavior
of their smooth muscle, fibroblast, and
endothelial neighbors, not to mention their
previously identified interactions with
patrolling cells of the monocyte macro-
phage series (Chazaud et al., 2003).
Plainly, effective function of a stem cell
requires exquisite attunement to its envi-
ronment, particularly when, as in the
case of the skeletal muscle satellite cell,
it is obliged to spend most of its time
soundly asleep while remaining respon-
sive to sporadic ‘‘rude awakenings’’
evoked by muscle damage. We should
not be surprised, therefore, at the subtletyat the Nexus
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ll exhaustion and mammalian aging,
to be due, in part, to a decline in the
regenerative capacity of adult tissue
stem cells. Loss of stem cell function
with age can result from cell-intrinsic
009 Elsevier Inc.and complexity of intercellular and autolo-
gous signaling activity that is being
revealed by the investigations of the Cha-
zaud group in consequence of an inclu-
sive approach that goes beyond simply
examining the actions of stem cells in
isolation and that embraces the multifar-
ious influences of the cellular community.
REFERENCES
Abou-Khalil, R., Le Grand, F., Pallafacchina, G.,
Valable, S., Authier, F.-J., Rudnicki, M., Gherardi,
R., Germain, S., Chretien, F., Sotiropoulos, A.,
et al. (2009). Cell Stem Cell 5, this issue, 298–309.
Chazaud, B., Sonnet, C., Lafuste, P., Bassez, G.,
Rimaniol, A., Poron, F., Authier, F., Dreyfus, P.,
and Gherardi, R. (2003). J. Cell Biol. 163, 1133–
1143.
Collins, C.A., Olsen, I., Zammit, P.S., Heslop, L.,
Petrie, A., Partridge, T., and Morgan, J. (2005).
Cell 122, 289–301.
Kuang, S., Gillespie, M., and Rudnicki, M. (2008).
Cell Stem Cell 2, 22–31.
Lepper, C., Conway, S., and Fan, C.-M. (2009).
Nature 460, 627–631.
Sherwood, R., Christensen, J., Conboy, I., Con-
boy, M., Rando, T., Weissman, I., and Wagers, A.
(2004). Cell 119, 543–554.
Zammit, P., Golding, J., Nagata, Y., Hudon, V.,
Partridge, T., and Beauchamp, J. (2004). J. Cell
Biol. 166, 347–357.2, USA
ology, Cambridge, MA 02139, USA
Cambridge, MA 02139, USA
adult stem cell function with age. In
on et al. (2009) highlight the impor-
respectively.
changes as well as environmental factors.
For example, the accumulation of DNA
damage in melanocyte stem cells (MSCs)
triggers their differentiation, leading to the
